METHODS AND SYSTEMS FOR CHROMATIC DISPERSION COMPENSATION IN 

SWITCHED GRATING WDM DEVICES 



BACKGROUND OF THE INVENTION 

[0001] This invention relates generally to wavelength 

division multiplexed optical communications systems f and more 
particularly to the compensation for chromatic dispersion in 
such systems . 

[0002] With the advent of substantial new uses for 

electro/optic systems , there exists a greater need to 
effectively control the multiplexing , demultiplexing and 
routing of signals that are Wavelength Division Multiplexed 
(WDM), and Dense Wavelength Division Multiplexed (DWDM), on 
optical fibers. Among the operations required in managing such 
WDM and DWDM systems are addition of signals into empty 
channels (Add) and selection of signals from populated 
channels (Drop), split, or route signals of different channels 
(separate an array of input channels into even and odd 
channels or into bands of channels, interleaving and band 
channelizing), and cross connecting from m channels to n 
channels (m x n cross-connect) . 

[0003] A common and well known problem in the 

transmission of optical signals, present in many of the 
operations required in managing such WDM systems, is chromatic 
dispersion of the optical signal. Chromatic dispersion refers 
to the effect where different signals within a channel travel 
through a system with different spatio-temporal properties, 
i.e., longer wavelengths have different travel times than 
shorter wavelengths. When gratings are used to separate or 
combine the channels propagating through a system, the system 
design must account for the inflexibility of temporal delay 
functions achievable with planar gratings . These temporal 
delays are approximately linear (as a function of frequency) 
over small spectral bands, but marked nonlinearities are 
introduced when the spectrum of the pulse becomes broad. 
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[0004] In typical switched grating systems used in 

the operations required in managing WDM systems , not only is 
the chromatic dispersion significant but it varies with 
wavelength and is larger in the longer wavelength edge of the 
bands . 

[0005] It is therefore an object of this invention to 

provide methods and systems switching/routing optical systems . 

[0006] It is a further object of this invention to 

provide methods and systems for compensating the chromatic 
dispersion in twin grating disperser-combiner switchable 
grating optical systems . 

BRIEF SUMMARY OF THE INVENTION 
[0007] The objects set forth above as well as further 

and other objects and advantages of the present invention are 
achieved by the embodiments of the invention described 
here inbe low . 

[0008] In this invention, the chromatic dispersion in 

disperser-combiner optical systems is substantially 
compensated by, after separating the input optical radiation 
into distinct chromatic components, propagating the distinct 
chromatic components through the optical system so that a pre- 
selected relationship between optical path lengths through the 
optical systems of the distinct chromatic components is 
obtained, where the pre-selected relationship substantially 
compensates the chromatic dispersion. The pre-selected 
relationship is obtained by reflecting the distinct chromatic 
components from a suitably placed and shaped pixellated 
optical volume reflector. After propagating through the 
optical system, the distinct chromatic components are 
recombined. 

[0009] An optical system that implements the above 

described method of this invention includes an optical 
separating sub-system capable of separating input optical 
radiation into distinct chromatic components, an optical 
recombining sub-system capable of recombining the distinct 
chromatic components, and, a volume optical reflector capable 
of reflecting the distinct chromatic components and providing, 
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through reflecting, a pre-selected relationship between 
optical path lengths through the optical systems of the 
distinct chromatic components, where the pre-selected 
relationship substantially compensates chromatic dispersion. 
The system can also include a switchable element such as a 
switchable grating, a switchable liquid crystal array, a 
switchable mirror array, a switchable cross-connect, an 
interleaver or a band channelizer. ( Interleavers and Band 
Channelizers are systems that separate an array of input 
channels into even and odd channels or into bands of 
channels . ) 

[0010] For a better understanding of the present 

invention, together with other and further objects thereof, 
reference is made to the accompanying drawings and detailed 
description and its scope will be pointed out in the appended 
claims. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

[0011] Figure 1 is a schematic graphical 

representation of an embodiment of a system of this invention; 

[0012] Figure 2 is a schematic graphical 

representation of another embodiment of a system of this 
invention; 

[0013] Figure 3 is a schematic graphical 

representation of a further embodiment of a system of this 
invention ; and 

[0014] Figure 4 is a schematic graphical 

representation of a detailed embodiment of the system of Fig. 
3. 

DETAILED DESCRIPTION OF THE INVENTION 

[0015] In order to better understand the present 

invention described below, it should be noted that certain 
terms used in the description of the invention have been used 
interchangeably . 
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[0016] In the following descriptions of the present 

invention , the terms such as "light" and "optical radiation" 
may be used interchangeably , and these terms both include 
electromagnetic radiation over the entire spectrum of 
wavelengths such as, for example, ultraviolet, visible, and 
infrared. Also, the term "optical", for example, as applied to 
components and systems, refers not only to optical components 
and systems, but also to electro-optical components and 
systems . 

[0017 J Furthermore, terms such as "beams" and 

"channels" may also be interchanged, in certain instances, 
based upon their usage as recognized in the art. The terms 
"Switching/routing" system and " disperser /combiner " system may 
also be interchanged, in certain instances. 

[0018] The systems and methods of this invention, 

described hereinbelow, substantially compensate the chromatic 
dispersion in switching/routing ( disperser-combiner ) optical 
systems . 

[0019] An embodiment of the method of this invention 

can be best understood by reference to Fig.l. Referring to 
Fig.l, in the optical system 5, input optical radiation 10 is 
separated into distinct chromatic components 25, 35 by fixed 
grating 20. The distinct chromatic components 25, 35 are 
directed towards a pixellated optical reflector 40 by fixed 
grating 30. Fixed gratings 20, 30 separate the distinct 
chromatic components 25, 35. The distinct chromatic components 
25, 35 are reflected from the pixellated volume optical 
reflector 40. 

[0020] The input 10 could be weakly focused onto the 

pixellated volume optical reflector 40 so that the neighboring 
distinct chromatic components are resolved while allowing for 
the input beam size to support the propagation distance. In 
one embodiment, this is accomplished with a cylindrical lens 
67 since the distance to the mirror is roughly the same for 
all wavelengths. A spherical lens could also be used. 

[0021] The distinct chromatic components 25, 35 in 

the reflected beam are converged towards fixed grating 2 0 by 
fixed grating 30. The recombining of the distinct chromatic 
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components 25 - 35 in the reflected beam is completed by fixed 
grating 20. The combined beam 50 is the system output beam. 
Before reflecting from the pixellated volume optical reflector 
40, grating 30 renders the chromatic components in the input 
parallel to each other and laterally dispersed. After 
reflecting from the pixellated volume optical reflector 40 (a 
holographic switchable mirror in one embodiment), the 
chromatic components are angularly converged by grating 30 
toward grating 20, where grating 20 renders the chromatic 
components substantially parallel and combined. A redirecting 
optical component, such as a Circulator /Polarization Diversity 
Filter (PDF) 55, separates the input and output beams and 
decreases the polarization sensitivity of the system. (The PDF 
operates by splitting the input beam into two "twin" beams of 
orthogonal polarizations, rotating the polarization state of 
one of them so the twin beams propagate through the systems as 
identical polarization states, and upon exit restores the twin 
beams to orthogonal polarization states and recombines them. ) 
The reflecting and propagating of the beams through the system 
5 provides a pre-selected relationship between optical path 
lengths through the optical system 5 of the distinct chromatic 
components. That pre-selected relationship substantially 
compensates the chromatic dispersion. It should be noted that 
compensates, as used herein and hereinafter, includes not only 
substantially compensating for chromatic dispersion due to 
local path length differences but can also include 
compensating for chromatic dispersion introduced by the 
transmission that provides the input radiation 10. The 
pixellated volume optical reflector 40 could be shaped to 
provide local compensation by positioning the mirror such that 
the length of the path traveled by the chromatic components 
from grating 20 to the pixellated volume optical reflector 40 
is substantially the same. The cylindrical lenses 67 can be 
used to substantially focus each chromatic component to a 
narrow region on pixellated volume optical reflector 40, 
thereby greatly reducing the wavelength dependent blur in 
optical path length. The width of the beam of any specific 
wavelength component blurs the desired path length at the 



I 



6 



center of that beam by introducing some paths longer and some 
shorter. The narrower the width of the beam in the dimension 
of the mirror tilt, the less this effect. 

[0022] It should be noted that although two distinct 

chromatic components 25, 35 are identified a pre-selected 
number of components, other than two, can be utilized. It 
should also be noted that although, in the embodiment shown in 
Fig.l, the same grating pair comprised of gratings 20, 30 
performs both the separation and recombining functions, two 
distinct grating pairs could be used in a different 
embodiment. It should be further noted that the pixellated 
volume optical reflector 40 could be, but is not limited to, a 
switchable pixellated optical reflector such as a switchable 
pixellated holographic mirror. A switchable holographic mirror 
may be a device such as that disclosed in U. S. Patent Serial 
No. 5,771,320 (issued to T. W. Stone on June 23, 1998), hereby 
incorporated by reference, and U. S. Patent Serial No. 
6,072,923 (issued to T. W. Stone on June 6, 2000), also 
hereby incorporated by reference. 

[0023] If a switchable pixelated mirror, such as 

switchable pixelated volume holographic mirror, is used in the 
embodiment of Fig.l, the embodiment represents a chromatically 
compensated switchable filter. Applying a signal to driver 60, 
which independently drives each of the volume mirror pixels in 
pixellated volume optical reflector 40 to "on" (reflecting) or 
"off" (transmitting) states, the distinct chromatic components 
that are reflected can be selected. 

[0024] Still referring to Fig.l, the method of 

operation of the chromatic compensating optical system 5 can 
be summarized as follows. First, the input optical radiation 
10 is separated into distinct chromatic components 25, 35 by a 
pair of separating diffraction gratings, which constitute an 
embodiment of an optical separating system. The distinct 
chromatic components 25, 35 are propagated through the optical 
system 5. The propagation includes reflecting the distinct 
chromatic components 25, 35 from the pixellated switchable 
optical reflector 40. The reflecting provides a pre-selected 
relationship between optical path lengths through the optical 
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system 5 of the distinct chromatic components 25, 35. The pre- 
selected relationship substantially compensates the chromatic 
dispersion. In one embodiment, the optical path length 
traversed by the chromatic components 25, 35 could be rendered 
substantially equal, as shown in Fig. 1. The distinct 
chromatic components 25, 35 are then recombined by the pair of 
recombining diffraction gratings 20, 30, which constitute an 
embodiment of an optical recombining system. In the embodiment 
of the optical system 5 shown in Fig. 1, the pair of 
recombining diffraction gratings 20, 30 is the same as the 
pair of separating diffraction gratings 20, 30. 

[0025] Another embodiment of a system of this 

invention is shown in Fig. 2. In Fig. 2, fixed volume 
holographic mirror 80 replaces the pixellated switchable 
volume optical reflector 40 of Fig. 1 and a pixellated 
switchable optical element 70 is inserted in the optical path 
between fixed grating 30 and the optical reflector 80. (Other 
embodiments of the volume optical reflector 80 include, but 
are not limited to a phase conjugate mirror.) During 
operation, the switchable optical element 70 receives and 
outputs the separated distinct chromatic components 25, 35. 
The switchable optical element 70 can be, but is not limited 
to, a switchable grating or a switchable liquid crystal array 
or a switchable mirror array. When the switchable optical 
element 70 is a switchable grating or a switchable liquid 
crystal array or a switchable mirror array or similar 
component, the embodiment 65 represents a chromatically 
compensated switchable filter. Applying a signal to driver 
75, some distinct chromatic components are selected to be 
transmitted and other distinct chromatic components are 
selected to absorbed, deflected or scattered out of the 
optical path of the system 65. 

[0026] The operation of the system 65 of Fig. 2 is 

similar to that of the system 5 of Fig. 1. Referring to Fig. 2, 
input optical radiation 10 is separated into distinct 
chromatic components 25, 35 by fixed grating 20. The distinct 
chromatic components 25, 35 are directed towards the 
switchable element 70 by the fixed grating 30. Fixed gratings 
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20 , 30 separate the distinct chromatic components 25 , 35. The 
distinct chromatic components 25, 35 are transmitted through 
the switchable element 70 and reflected from the fixed volume 
holographic mirror 80. 

[0027] The input 10 could be weakly focused onto the 

fixed volume holographic mirror 80 as described earlier so 
that the neighboring distinct chromatic components are 
resolved while allowing for the input beam size to support the 
propagation distance. In one embodiment, this is accomplished 
with a cylindrical lens 67 since the distance to the mirror is 
roughly the same for all wavelengths. A spherical lens could 
also be used. 

[0028] The reflected distinct chromatic components 

25 , 35 transmit again through switchable element 70 and are 
converged towards fixed grating 20 by fixed grating 30. The 
recombining of the reflected components distinct chromatic 
components 25, 35, is completed by fixed grating 20. The 
combined beam 50 is the system output beam. Circulator /PDF 55 
separates the input and output beam. The reflecting and 
propagating through the system 65 provides a pre-selected 
relationship between optical path lengths through the optical 
system 65 of the distinct chromatic components. That pre- 
selected relationship substantially compensates the chromatic 
dispersion. Referring to Fig. 2, the volume holographic mirror 
80 is positioned such that the lengths of the optical path 
traversed by the chromatic components 25, 35 could be rendered 
substantially equal. The fixed optical volume reflector 80 
could be shaped or positioned to provide compensation for not 
only chromatic dispersion due to path length difference but 
also can be shaped or positioned to provide compensation for 
chromatic dispersion introduced by the transmission that 
provides the input radiation 10. 

[0029] It should again be noted that although two 

distinct chromatic components 25, 35 are identified a pre- 
selected number of components, other than two, can be 
utilized. 

[0030] A further embodiment of a system of this 

invention is shown in Figure 3. Referring to Fig. 3, the 
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system 100 includes a pair of separating diffraction gratings 
120, 130, a directing optical element 140 , such as, but not 
limited to, a polarizing beamsplitter with a quarter wave 
plate, a redirecting optical element 160, such as, but not 
limited to, the same polarizing beamsplitter used in the 
directing optical element 140 with another waveplate used to 
re-rotate the polarization state of the light, a volume 
optical reflector 150, a switchable optical element 180, 
optical means for focusing distinct chromatic components 125, 
135 onto the switchable optical element 180, and a pair of 
recombining diffraction gratings 190, 210. 

[0031] During operation, input optical radiation 110, 

from an input beam/port 115, is separated into m distinct 
chromatic components, labeled 125 through 135, by fixed 
grating 120. The distinct chromatic components 125, 135 are 
directed towards directing optical element 140. Directing 
optical element 140 directs the distinct chromatic components 
125, 135 towards an optical reflector 150, a tilted 
holographic mirror in one embodiment. When a polarizing 
beamsplitter (PBS) is used in the directing optical element 
140, the distinct chromatic components 125, 135 will be 
linearly polarized, transmitted through the PBS, through the 
waveplate, and as incident on the tilted holographic mirror 
will be circularly polarized. It should noted that an array of 
Faraday rotators or circulators may also be utilized as 
components of the directing optical element 140. . If an 
array of circulators is used, other polarization states or 
unpolarized light may be used in the channels. 

[0032] Lenses may be used to focus the neighboring 

distinct chromatic components on the volume holographic mirror 
150 so that the chromatic components are spatially narrow in 
the dimension of the tilt. This minimizes the "blur" in 
spectrally dependent path lengths introduced by the mirror 
150, and allows for the input beam size to support the desired 
propagation distance. In one embodiment, this is accomplished 
with a cylindrical lens 67 since the distance to the mirror is 
roughly the same for all wavelengths. Redirecting element 160 
may contain microlens arrays or similar devices to focus or 



10 



collimate the various spectral component beams for propagation 
through the rest of system 100. Alternatively these re- 
focusing lens arrays may be located at other locations 
throughout the system. 

[0033] The distinct chromatic components 125 , 135 are 

reflected by the optical reflector 150 , a tilted holographic 
mirror in the embodiment shown. The reflected distinct 
chromatic components 125 , 135 are redirected towards the 
switchable optical element 180 by redirecting optical element 
160. Switchable optical element 180 receives distinct 
chromatic components 125, 135 and outputs among m x N distinct 
output components, labeled 215 through 225. The distinct 
output components 215 through 225 are converged towards fixed 
grating 200 by fixed grating 190. Each set of m distinct 
output chromatic components, labeled 220 through 225 , is 
converged by fixed grating 200 into one of the N output beam- 
ports 210, which are individually labeled 230 through 240. 

[0034] Figure 4 depicts a switching and/or routing 

system 100 of this invention incorporating electrically 
switchable diffractive gratings, such as those disclosed in 
U.S. Patent Ser. No. 5,771,320, as an embodiment of the 
switchable optical element 180 of Fig. 3. In one embodiment, 
the array of m lxN switches 300 shown in Fig. 4is the front 
half of the MxN cross connect as described in U.S. Patent Ser. 
No. 5,771,320. In another embodiment, the array of m lxN 
switches 300 comprises a compact planar switched grating array 
as described in U.S. Patent Application Ser. No. 10/700,828, 
filed on November 4, 2003, which is hereby incorporated by 
reference. During operation, input optical radiation 110 is 
separated into m distinct chromatic components, labeled 125 
through 135, by fixed grating 120. The distinct chromatic 
components 125, 135 are directed towards directing optical 
element 140. Directing optical element 140 directs the 
distinct chromatic components 125, 135 towards an optical 
reflector 150. The distinct chromatic components 125, 135 are 
reflected by the optical reflector 150. The reflected distinct 
chromatic components 125, 135 are redirected towards an array 
of m lxN switches 300 by redirecting optical element 160. The 
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distinct chromatic components 125 , 135 are then passed through 
the array of m lxN switches 300 as shown. Each of the m input 
channels 125 through 135 is independently routed to any of N 
output columns 310 through 320. The recombining grating pair 
190 and 200 combines any chromatic components present in a 
given column into one element of an array of N multiplexed 
output channels as shown in Figure 4 . Each of m chromatic 
components , 125 through 135 , in the input can be independently 
routed to any of N output ports, 230 trough 240. Similarly, a 
lens 67 or other lenses as described earlier may be used to 
focus or collimate the chromatic components onto the tilted 
volume mirror and/or throughout the system. 

[0035] It should be noted that, while the above 

described embodiment of the system 100 of this invention 
utilizes electrically switchable diffractive gratings, other 
embodiments of the switchable optical element 180 are, but not 
limited to, switchable mirror arrays, switchable liquid 
crystal arrays. The switchable optical element 180 may be, 
but is not limited to, a cross-connect, an add-drop 
multiplexer, an inter leaver or a band channelizer. 

[0036] The methods of this invention can be utilized 

to chromatically compensate wavelength systems such as those 
disclosed in U.S. Patent Application Ser. No. 10/700,828, 
filed on November 4, 2003. 

[0037] Although the invention has been described with 

respect to various embodiments, it should be realized this 
invention is also capable of a wide variety of further and 
other embodiments within the spirit and scope of the appended 
claims . 

[0038] What is claimed is: 



